Radial glial cells are the primary neural progenitor cells in the developing neocortex 1 . Consecutive asymmetric divisions of individual radial glial progenitor cells produce a number of sister excitatory neurons that migrate along the elongated radial glial fibre, resulting in the formation of ontogenetic columns [2] [3] [4] . Moreover, sister excitatory neurons in ontogenetic columns preferentially develop specific chemical synapses with each other rather than with nearby non-siblings 5 . Although these findings provide crucial insight into the emergence of functional columns in the neocortex, little is known about the basis of this lineage-dependent assembly of excitatory neuron microcircuits at single-cell resolution. Here we show that transient electrical coupling between radially aligned sister excitatory neurons regulates the subsequent formation of specific chemical synapses in the neocortex. Multiple-electrode whole-cell recordings showed that sister excitatory neurons preferentially form strong electrical coupling with each other rather than with adjacent non-sister excitatory neurons during early postnatal stages. This preferential coupling allows selective electrical communication between sister excitatory neurons, promoting their action potential generation and synchronous firing. Interestingly, although this electrical communication largely disappears before the appearance of chemical synapses, blockade of the electrical communication impairs the subsequent formation of specific chemical synapses between sister excitatory neurons in ontogenetic columns. These results suggest a strong link between lineage-dependent transient electrical coupling and the assembly of precise excitatory neuron microcircuits in the neocortex.
Radial glial cells are the primary neural progenitor cells in the developing neocortex 1 . Consecutive asymmetric divisions of individual radial glial progenitor cells produce a number of sister excitatory neurons that migrate along the elongated radial glial fibre, resulting in the formation of ontogenetic columns [2] [3] [4] . Moreover, sister excitatory neurons in ontogenetic columns preferentially develop specific chemical synapses with each other rather than with nearby non-siblings 5 . Although these findings provide crucial insight into the emergence of functional columns in the neocortex, little is known about the basis of this lineage-dependent assembly of excitatory neuron microcircuits at single-cell resolution. Here we show that transient electrical coupling between radially aligned sister excitatory neurons regulates the subsequent formation of specific chemical synapses in the neocortex. Multiple-electrode whole-cell recordings showed that sister excitatory neurons preferentially form strong electrical coupling with each other rather than with adjacent non-sister excitatory neurons during early postnatal stages. This preferential coupling allows selective electrical communication between sister excitatory neurons, promoting their action potential generation and synchronous firing. Interestingly, although this electrical communication largely disappears before the appearance of chemical synapses, blockade of the electrical communication impairs the subsequent formation of specific chemical synapses between sister excitatory neurons in ontogenetic columns. These results suggest a strong link between lineage-dependent transient electrical coupling and the assembly of precise excitatory neuron microcircuits in the neocortex.
Sister excitatory neurons in individual ontogenetic columns preferentially develop specific chemical synapses with each other rather than with adjacent non-sister excitatory neurons 5 . Given the almost complete overlap of the dendritic fields of neighbouring excitatory neurons, it is unclear how this lineage-dependent assembly of precise columnar microcircuits is controlled at the individual cell level. Some studies have suggested that gap-junction-mediated neuronal communication is involved in the formation of local connectivity in the developing neocortex [6] [7] [8] , even though direct evidence of electrically coupled neocortical neurons at early developmental stages is lacking. In this study, we set out to investigate whether gap-junction-mediated electrical coupling exists between sister excitatory neurons in ontogenetic columns and, if so, whether this coupling regulates the preferential formation of chemical synapses between sister excitatory neurons.
Gap junctions are composed of two membrane-docked hexameric hemi-channels that consist of connexin proteins from two adjacent cells. There are ,20 genes encoding connexins in rodents, and the corresponding protein symbols are denoted as CX plus the calculated molecular mass of the protein 9 . Of these proteins, CX26 and CX43 have been shown to be abundantly expressed in the developing neocortex at embryonic and neonatal stages 10, 11 . Consistent with this, we found that developing neurons in the neonatal neocortex expressed CX26 (Supplementary Fig. 1a ). Moreover, CX26-positive puncta were present at the dendrodendritic and dendrosomatic contacts of radially aligned sister excitatory neurons that were labelled by in utero intraventricular injection of low-titre enhanced green fluorescence protein (eGFP)-expressing retrovirus at embryonic day 12 to 13 (E12-13) (Fig. 1a -e and Supplementary Movie 1), indicating the existence of gap junctions between sister excitatory neurons in ontogenetic columns. Gap junctions mediate intercellular adhesion and the exchange of small molecules (typically less than 1 kDa), including low-molecularmass dyes and ions that can be detected experimentally 12, 13 . Previous dye injection experiments have suggested the presence of gap junctions between progenitor cells in the embryonic neocortex 2, 14 and between neurons in the neonatal neocortex 6, 15 . Although these studies have provided important insight, the accuracy of dye coupling in revealing the presence of gap junctions has been debated 12, 13 . To circumvent this issue and to quantitatively examine gap junction channel activity, we performed whole-cell patch-clamp recording experiments to study gap junctions between sister excitatory neurons in ontogenetic columns.
We prepared acute neocortical slices from postnatal mice (postnatal day 1 to 28, P1-28) that had received in utero intraventricular injection of eGFP-expressing retrovirus at E12-13. Guided by infrared differential interference contrast (DIC) and epifluorescence illumination, we simultaneously recorded from two radially aligned eGFP-expressing sister excitatory neurons ( Fig. 1f and Supplementary Fig. 1b , top (green)). We identified excitatory neurons on the basis of their morphological characteristics, including a pyramid-shaped cell body and a long apical dendrite. After the recordings were established, we tested the electrical coupling between the neurons under currentclamp conditions ( Fig. 1f and Supplementary Fig. 1b, bottom) or voltage-clamp conditions ( Supplementary Fig. 2a ). Under currentclamp conditions, hyperpolarization (V 1 ) of one of the neurons (neuron 1, the driver) by current injection (I 1 ) produced a simultaneous hyperpolarization (V 2 ) of the non-injected neuron (neuron 2, the receiver) ( Fig. 1f and Supplementary Fig. 1b, bottom) . Similarly, depolarization of the driver neuron (neuron 1) produced a simultaneous depolarization of the receiver neuron (neuron 2). As expected for electrotonic propagation, voltage deflections recorded in the noninjected receiver neuron (Fig. 1f , red, and Supplementary Fig. 1b , bottom) had a smaller amplitude and a slower time course than those in the injected driver neuron (Fig. 1f , black, and Supplementary Fig. 1b,  bottom) . In all cases, electrical transmission between the two neurons was found to be reciprocal ( Fig. 1f and Supplementary Fig. 1b, bottom) . Similar bidirectional electrotonic propagation was recorded under voltage-clamp conditions ( Supplementary Fig. 2a ).
To confirm that the electrical coupling between sister excitatory neurons is mediated by gap junctions, we exposed electrically coupled sister excitatory neuron pairs to the gap junction blocker meclofenamic acid (MFA, 100 mM), the glutamate receptor antagonists 6-cyano-7-nitroquinoxaline-2,3-dione (CNQX, 10 mM) and 3-(2-carboxypiperazin-4-yl)propyl-1-phosphonic acid (CPP, 20 mM), or the GABA A (caminobutyric acid A) receptor antagonist bicuculline methiodide (BMI, 10 mM). Neither BMI nor CNQX plus CPP had any effect (n 5 3; Supplementary Fig. 2b) ; however, MFA completely eliminated electrical transmission in all cases (n 5 9; Fig. 1g ). Moreover, electrical transmission recovered partially after MFA was washed out (Fig. 1g) .
The frequency of observed gap-junction-mediated electrical coupling between sister excitatory neurons in ontogenetic columns at P1 and P2 was 38.9% (occurring in 14 of the 36 pairs tested) and 35.3% (12 of 34 pairs tested), respectively (Fig. 1h) . As development proceeded, this coupling frequency progressively decreased to ,20-25% at P3-P4 (9 of 39 pairs tested at P3 and 9 of 35 pairs tested at P4) and to ,10% at P5-P6 (5 of 48 pairs tested) (Fig. 1h) . After P6, electrical coupling between sister excitatory neurons was rare; only 3 of 193 pairs were coupled (Fig. 1h) ; this finding is consistent with previous observations of very sparse electrical coupling among more mature excitatory neurons in the neocortex [16] [17] [18] . No chemical synapses were detected between sister excitatory neurons at early postnatal stages (P1-P6), as previously reported 5 . To test whether sister excitatory neurons preferentially form gap junctions with each other, we performed quadruple whole-cell recordings on two eGFP-expressing sister excitatory neurons in individual ontogenetic columns and on two non-eGFP-expressing excitatory neurons adjacent to the eGFP-expressing neurons on the same side in the developing neocortex (Fig. 2a) . We carried out this experiment at P1-P6, when electrical coupling is prominent (Fig. 1h) . Once all four recordings were established, hyperpolarizing and depolarizing currents were injected sequentially into one of the four neurons, and the voltage changes were monitored in all four neurons to probe gap-junction-mediated electrical coupling. When eGFP-expressing neuron 1 was hyperpolarized or depolarized, only its sister neuron ; data are mean 6 s.e.m.) and conductance (f) (sisters, n 5 85; non-sisters, n 5 24; ***P , 5 3 10
27
; data are mean 6 s.e.m.) at P1-P6. g, Progressive decrease in the coupling coefficient between sister excitatory neurons in ontogenetic columns as development proceeds (sisters, P1-P2, n 5 36; P3-P4, n 5 32; P5-P6, n 5 6; *P , 0.01; non-sisters, P1-P2, n 5 11; P3-P4, n 5 7; P5-P6, n 5 6; P 5 0.7; data are mean 6 s.e.m.). 
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(neuron 3) showed simultaneous hyperpolarization or depolarization (Fig. 2b) , despite the almost complete overlap of the neurite arbours of the adjacent neurons, neurons 3 and 4 ( Fig. 2c) . Similarly, when eGFPexpressing neuron 3 was hyperpolarized or depolarized, only its sister neuron (neuron 1) showed simultaneous hyperpolarization or depolarization (Fig. 2b) . The hyperpolarization or depolarization of neuron 2 or 4 failed to trigger simultaneous voltage deflection in any of the other three neurons (Fig. 2b) .
We analysed a total of 174 pairs of radially aligned eGFP-expressing sister excitatory neurons and their neighbouring non-sibling excitatory neurons at P1-P6 (Fig. 2d) . Of the sister excitatory neuron pairs in an ontogenetic column, 28.2% (49 of 174 pairs) were electrically coupled. By contrast, only 2.6% (8 of 303 pairs) of radially situated non-sister excitatory neuron pairs (one eGFP-expressing and one non-eGFPexpressing) were electrically coupled (Fig. 2d) . In addition, only 1.6% (2 of 129 pairs) of similarly radially situated non-eGFP expressing excitatory neuron pairs were coupled, and only 3.0% (9 of 303) of nearby eGFP-expressing and non-eGFP-expressing excitatory neuron pairs were coupled (Fig. 2d) . These findings are consistent with a recent study showing almost no electrical coupling between randomly selected excitatory neurons in the developing neocortex 19 . Our results clearly demonstrate that sister excitatory neurons in ontogenetic columns have a strong preference for gap-junction-mediated electrical coupling with each other rather than with adjacent non-sister excitatory neurons and that the frequency of electrical coupling between non-sister excitatory neurons in the developing neocortex is low.
We also compared the coupling coefficient between coupled sister excitatory neuron pairs and rarely coupled non-sister excitatory neuron pairs. The coupling coefficient, estimated as the ratio of the amplitude of the low-frequency voltage change in the receiver neuron to that in the driver neuron, reflects the strength of the electrical coupling. We found that the coupling coefficient between coupled sister excitatory neurons was substantially higher than that between coupled non-sister excitatory neurons (sisters, 5.7 6 0.7%, n 5 74; non-sisters, 1.2 6 0.3%, n 5 24; P , 1 3 10
28
; Fig. 2e ). We also estimated the coupling conductance under voltage-clamp conditions and found that the coupling conductance between sister excitatory neurons was significantly larger than that between non-sister excitatory neurons (sisters, 0.43 6 0.05 nS, range 0.06-2.16 nS, n 5 85; nonsisters, 0.13 6 0.03 nS, range 0.06-0.81 nS, n 5 24; P , 5 3 10 27 ; Fig. 2f ). These results suggest that the electrical coupling between sister excitatory neurons is much stronger than that between non-sisters. Furthermore, we observed a progressive decrease in the coupling coefficient of coupled sister excitatory neuron pairs as development proceeded (P1-P2, 7.4 6 1.2%, n 5 36; P3-P4, 4.4 6 0.7%, n 5 32; P5-P6, 2.3 6 0.6%, n 5 6; P , 0.01), whereas the coupling coefficient of rarely coupled non-sister pairs did not change significantly during this period (P1-P2, 1.1 6 0.2%, n 5 11; P3-P4, 1.5 6 0.8%, n 5 7; P5-P6, 1.1 6 0.5%, n 5 6; P 5 0.7; Fig. 2g ).
Having found that sister excitatory neurons in ontogenetic columns preferentially form strong gap-junction-mediated electrical coupling with each other, we then examined the properties of this electrical transmission and tested whether this selective electrical coupling modulates the neuronal activity of sister excitatory neurons at neonatal stages. We injected a series of sinusoidal current waveforms of the same amplitude but different frequencies into one excitatory neuron and measured the response in its coupled sister excitatory neuron ( Supplementary Fig. 3 ). We found that responses to low-frequency sine waves showed higher coupling coefficients and smaller phase lags than those triggered by high-frequency sine waves (Supplementary Fig. 3 ). These results suggest that the efficacy of signal transmission through electrical coupling between sister excitatory neurons is frequency dependent, similarly to previous observations of electrical coupling between inhibitory interneurons in the more mature neocortex 16, 17 .
To determine whether this selective electrical coupling modulates neuronal activity, we injected subthreshold depolarizing current pulses at the same time or at different times into two eGFP-labelled, electrically coupled sister excitatory neurons in ontogenetic columns (Fig. 3a) . In most cases, the asynchronous pulses did not generate an action potential in either neuron (Fig. 3a, arrowheads, and Fig. 3b , open bars; neuron 1, 0.1 6 0.1 spikes per pulse; neuron 2, 0.3 6 0.2 spikes per pulse). However, when the same current pulses were synchronously injected into both neurons, the two sister neurons reached action potential threshold and generated spikes (Fig. 3a, arrows, and Fig. 3b , filled bars; neuron 1, 1.5 6 0.3 spikes per pulse; neuron 2, 1.8 6 0.4 spikes per pulse). Similar observations were made in seven pairs of electrically coupled sister excitatory neurons but not in non-coupled sister neuron pairs ( Fig. 3c; P , 0.001) . These results show that selective electrical coupling can strongly facilitate the generation of action potentials in coupled sister excitatory neurons in ontogenetic columns. Arrowheads indicate voltage deflection due to the electrical transmission. Note that synchronous injection, but not asynchronous injection, results in action potential generation (arrows). Scale bars, 50 pA, 20 mV and 100 ms. b, Summary of the firing rate of the two sister excitatory neurons in a responding to a 50-pA current injection (**P , 0.001; data are mean 6 s.e.m.). c, Summary of the firing rate in electrically coupled or noncoupled sister excitatory neurons responding to simultaneous current injections (n 5 7; **P , 0.001; data are mean 6 s.e.m.). d-g, Electrical coupling promoting synchronous firing of sister excitatory neurons in ontogenetic columns in response to uncorrelated simulated neuronal activity (d, e) or uncorrelated native neuronal activity (f, g). d, f, Sample traces of voltage changes in electrically coupled sister excitatory neurons. Arrows indicate the spikes that occur in both neurons within a 1-ms window. Scale bars, 200 pA, 30 mV and 100 ms (d); and 100 pA, 25 mV and 100 ms (f). e, g, Normalized cross-correlogram analysis. The bin size is 1 ms. Note that the firing frequency is significantly increased near 0 ms for coupled sister excitatory neuron pairs (red) but not for non-coupled sister excitatory neuron pairs (black), indicating synchronous firing.
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We next determined whether this selective electrical coupling could facilitate synchronous spiking of radially aligned sister excitatory neurons in response to natural stimuli. First, we simulated natural activity by injecting two electrically coupled or non-coupled sister excitatory neurons with uncorrelated random current signals obtained by convolving the Poisson trains of recorded spontaneous excitatory postsynaptic current waveforms 17, 20 (I 1 and I 2 ; Fig. 3d ). Second, we directly recorded the spontaneous subthreshold activity of neurons in the neonatal neocortex and then injected two electrically coupled or non-coupled sister excitatory neurons with signals corresponding to the recorded uncorrelated native neuronal activity (I 1 and I 2 ; Fig. 3f) . We then analysed the cross-correlogram of firing induced in these sister excitatory neurons and found that there was a significant increase in firing centred at a time of 0 ms in coupled pairs compared with non-coupled ones (Fig. 3e, coupled, n 5 4 ; non-coupled, n 5 5; P , 0.005; and Fig. 3g , coupled, n 5 10; non-coupled, n 5 9; P , 0.05). These results suggest that gap-junction-mediated electrical transmission between sister excitatory neurons in ontogenetic columns can effectively promote precise (within 1 ms) synchronous firing in response to uncorrelated neuronal activity.
It has long been postulated that correlated neuronal activity facilitates chemical synapse formation and neuronal circuit assembly 21, 22 . Given that sister excitatory neurons in ontogenetic columns preferentially form strong gap-junction-mediated electrical coupling, which promotes action potential generation and synchronous firing, this process could provide a mechanism by which chemical synapses form preferentially between sister excitatory neurons in ontogenetic columns. We therefore tested whether the selective electrical coupling between sister excitatory neurons is required for preferential formation of chemical synapses within individual ontogenetic columns.
Our immunohistochemistry experiments suggest that CX26 is a major connexin isoform that mediates electrical coupling between sister excitatory neurons in the developing neocortex (Fig. 1a-e and Supplementary Fig. 1a) . Previous studies have shown that mutation of a conserved threonine residue (Thr 135) in the third transmembrane helix of CX26 to an alanine residue (CX26(Thr135Ala)) creates dominant-negative closed gap junction channels without affecting the synthesis, assembly or trafficking of the channels 23 . Mutant CX26 also exerts a trans-dominant-negative effect on other connexins 24 , providing a useful tool for eliminating broad gap junction channel functionality 23 . Notably, this point mutation should not interfere with gap-junction-mediated adhesion that is required for the proper radial migration of newly generated excitatory neurons in the developing neocortex 10 . We therefore engineered retroviruses expressing either wild-type CX26 or the dominant-negative closed channel mutant CX26(Thr135Ala), together with eGFP, using an internal ribosomal entry site (IRES) sequence, and performed in utero intraventricular injection of the retroviruses at E12-E13.
We found that expression of wild-type CX26 had no discernible effect, but expression of CX26(Thr135Ala) largely eliminated the electrical coupling between sister excitatory neurons at P1-P5 (CX26, coupling frequency 26.4%, 14 of 53 pairs; CX26(Thr135Ala), 9.8%, 4 of 41 pairs; Supplementary Fig. 4 ). More importantly, when we examined the chemical synapses formed between sister excitatory neurons at P10-P21, we found that only ,7.0% (6 of 86) of the sister pairs expressing the dominant-negative closed channel mutant CX26(Thr135Ala) were connected by chemical synapses (Fig. 4d-g ), compared to 33-36% of the sister pairs expressing either eGFP alone (12 of 33 pairs tested) or wild-type CX26 (34 of 102 pairs tested) (Fig. 4a-c, g ). The expression of CX26(Thr135Ala) did not affect neocortical excitatory neuron migration 10 ( Supplementary Fig. 5 ), maturation ( Supplementary Fig. 6 ) or chemical synapse formation in general (Supplementary Figs 7 and 8 ). Taken together, these results suggest that the blockade of electrical communication between sister excitatory neurons impairs the subsequent formation of chemical synapses between them.
Transient electrical coupling occurs before the establishment of mature patterns of synaptic connectivity in many developing nervous systems, and in some cases, this electrical coupling is crucial for the development of chemical synapses [25] [26] [27] . Previously, dye coupling was observed in the developing neocortex 2, 6, 14, 15 . In addition, it has been suggested that the formation of electrically coupled neuronal domains might help to guide the emergence of chemically transmitting neuronal circuits 7, 8 . However, electrically coupled neuronal pairs have not been reported in the neocortex at early developmental stages 19 . By performing dual and quadruple whole-cell recording experiments, which allow the detection of gap-junction-mediated electrical coupling with high sensitivity and spatial precision 12, 18 , we demonstrated the electrical coupling of excitatory neurons in the early postnatal neocortex. Moreover, we revealed that neocortical excitatory neurons show a high preference for forming strong electrical coupling with their sister excitatory neurons but not with nearby non-sister excitatory neurons. 
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Furthermore, we found that strong electrical coupling between sister excitatory neurons in ontogenetic columns promotes their action potential generation and synchronous firing. Although previous studies have suggested that electrical coupling is crucial for robust synchronous activity in the neonatal neocortex 8, 28, 29 , the precise function of electrical coupling has been elusive. Our results show that electrical transmission between sister excitatory neurons in ontogenetic columns is required for the development of precise chemical synapses between these neurons. These findings provide clear evidence of the role of gap junctions in regulating precise neuronal circuit assembly in the neocortex.
METHODS SUMMARY
Replication-incompetent Moloney murine leukaemia retroviruses expressing eGFP (obtained from F. H. Gage) or avian RCAS (replication-competent ASLV long terminal repeat with a splice acceptor) retroviruses expressing eGFP, CX26-IRES-eGFP or CX26(Thr135Ala)-IRES-eGFP were intraventricularly injected into E12-E13 CD-1 (Charles River Laboratories) or nestin-TVA-transgenic mouse embryos, respectively. Acute cortical slices were prepared at various postnatal stages, and multiple-electrode whole-cell recordings were performed on eGFP-expressing excitatory neurons in individual radial clones and on their excitatory neuron neighbours. Recordings were collected and analysed using two Axon Multiclamp 700B amplifiers and pCLAMP 10 (Molecular Devices) and IGOR 5 (WaveMetrics) software. Images were collected by confocal laser scanning microscopy (FluoView FV1000, Olympus) and analysed using FluoView (Olympus), Neurolucida (MicroBrightField), Imaris (Andor Technology) and Photoshop (Adobe). Data are presented as mean 6 s.e.m., and statistical differences were determined using non-parametric statistical tests: the MannWhitney-Wilcoxon and Kruskal-Wallis tests.
